G protein-coupled signaling is one of the major mechanisms for controlling cellular excitability. One of the main targets for this control at postsynaptic membranes is the G protein-coupled potassium channels (GIRK/Kir3), which generate slow inhibitory postsynaptic potentials following the activation of Pertussis toxin-sensitive G protein-coupled receptors. Using total internal reflection fluorescence (TIRF) microscopy combined with fluorescence resonance energy transfer (FRET), in intact cells, we provide evidence for the existence of a trimeric G protein-channel complex at rest. We show that activation of the channel via the receptor induces a local conformational switch of the G protein to induce channel opening. The presence of such a complex thus provides the means for a precise temporal and highly selective activation of the channel, which is required for fine tuning of neuronal excitability.
Introduction
The control of neuronal excitability in the brain and in many other excitable tissues is mediated by two major mechanisms. The first is by neurotransmitter-mediated activation of ligand-gated ion channels, and the second is through the activation of metabotropic G protein-coupled receptors (GPCRs). GPCRs comprise the largest gene family in the mammalian genome and arbitrate both excitatory and inhibitory modulation through the activation of trimeric G proteins, composed of the Ga, Gb, and Gg subunits. Following G protein activation, the exchange of GTP for GDP on the Ga subunit, and the consequent reduction of the binding affinity of Ga to the Gbg dimer, the Ga and the Gbg subunits are then free to interact with effector molecules (Clapham and Neer, 1997; Gilman, 1987; Hamm, 1998) . The G protein-mediated response is terminated by the accelerated hydrolysis of GTP by the regulatory G protein signaling molecules (RGS) and the reassociation of the Ga with the Gbg dimer (Hepler, 1999) .
The type of the specific response to GPCR stimulation depends on several factors: the type of GPCR that is activated, the type of G protein trimer that is associated with a specific receptor, and the effector molecule that is being activated or inhibited. In addition, the spatial distribution of all three components is a key determinant of the response type generated, axonal versus dendritic for example. Among of the many G protein subtypes is the Pertussis toxin-sensitive Gi/o family, which mediates inhibitory processes both pre-and postsynaptically to reduce neurotransmitter release and to induce slow inhibitory postsynaptic potentials, respectively (Bean, 1989; Luscher et al., 1997) . The latter is mediated by opening of the G protein-coupled potassium channels (GIRK/Kir3.x) that functionally assemble mainly as heterotetramers of GIRK1 and GIRK2/3/4 (Stanfield et al., 2002) . In addition to the inhibitory type GPCRs that activate GIRK directly, other GPCRs that are linked to the activation of various enzymatic reactions can also modulate channel function (Huang et al., 1998; Mullner et al., 2000; Zhang et al., 1999) . The activation mechanism in this context raises questions regarding the nature of the specificity of these two signaling cascades (Sadja et al., 2003) : given that Gbg is the main mediator of GIRK channel activation (Logothetis et al., 1987; Reuveny et al., 1994; Wickman et al., 1994) and given that all families of GPCR release Gbg upon stimulation, what is the mechanism directing only inhibitory GPCR to activate the GIRK channel? Moreover, since free diffusion of the Gbg dimer in the membrane is too slow to account for the fast response seen upon inhibitory GPCR activation (Sodickson and Bean, 1996) (few tens of ms), what is the mechanism that facilitates the precise temporal response to GPCR activation? Studies in recent years have addressed these questions using different means. In vitro binding studies revealed that both the Ga and the Gbg subunits can interact with fragments of the channel's cytosolic domains (Clancy et al., 2005; Huang et al., 1995 Huang et al., , 1997 Inanobe et al., 1995; Ivanina et al., 2003 Ivanina et al., , 2004 Krapivinsky et al., 1998; Kunkel and Peralta, 1995; Peleg et al., 2002; Slesinger et al., 1995) . In addition, Ga has been shown to have a key role in determining the efficiency of activation GIRK channels Zhang et al., 2002) and to be involved in regulating the GPCR-independent GIRK channel activity when expressed in Xenopus oocytes (Peleg et al., 2002) . These findings thus suggest the possibility that Ga binds to the channel with functional consequences and with possible implications as to the control of signaling specificity.
In this study we used the combination of fluorescence resonance energy transfer (FRET) and total internal reflected fluorescence (TIRF) microscopy to address whether a predetermined complex of the G protein and the channel exists in intact cells, at rest, and how the G protein is rearranged upon activation in respect to the channel. Here, we show that the key activation entity, the Gbg complex, is closely associated with the channel's cytosolic domains at rest and that upon GPCR activation the Gbg dimer undergoes a change in its relative position on the channel to promote activation. The Gbg association with the channel at rest depends on its classical interaction with Ga Wall et al., 1995) . These results demonstrate that GIRK channel activation by GPCR is local and, thus, may provide an explanation for the fidelity of signaling, i.e., how signaling from the Pertussis toxin-sensitive GPCRs to GIRK channels is specific and temporally precise.
Results

GIRK Channel and Gbg Dimer Are in Close Proximity at Rest as well as during Activation
Physical proximity of GPCRs with their effectors may form the basis for channel signaling specificity and can provide temporal precision to fine-tune excitability. We were interested in examining whether the local machinery for GPCR signaling is situated within molecular distances to allow such precision in signaling. Toward this goal, we measured FRET between a donor molecule (CFP) fused to various positions on the channel intracellular domains: N or C termini on GIRK1 (GIRK1-N-CFP, GIRK1-C-CFP) or GIRK4 (GIRK4-N-CFP and GIRK4-C-CFP) and an acceptor molecule (YFP) fused to the N terminus of Gb1 (Gb1-N-YFP). If indeed a local organization (within w20-100 Å ) exists at the plasma membrane, a significant FRET between the donor and the acceptor will be apparent. Fluorescent signals were collected from HEK293 cells transiently expressing the relevant FRET pairs, under the through-the-objective total internal reflection fluorescence (TIRF) configuration (Axelrod, 1989) . Under this configuration, FRET signals between the channels and G proteins that are specifically localized to the plasma membrane are monitored (Riven et al., 2003) . This recording configuration has the advantage of minimizing contaminating fluorescence signals originating from intracellular channel proteins undergoing synthesis/trafficking, which are not involved in receptor-mediated activation. Under resting conditions (in the absence of receptor stimulation), we observed a sizable FRET signal regardless of the location of the donor molecule, with FRET efficiency of GIRK1-N-CFP (0.18 6 0.01, n = 18), GIRK1-C-CFP (0.17 6 0.01, n = 10), GIRK4-N-CFP (0.21 6 0.01, n = 15), and GIRK4-C-CFP (0.19 6 0.01, n = 10) ( Figure 1A , black bars). These results initially indicate a close proximity between the Gbg subunits and the channel at the resting state. To monitor the relative position between the Gbg and the GIRK channel under the activated condition, we stimulated channel opening by activating type 2 metabotropic glutamate receptor (mGluR2) with glutamate. During receptor activation, w40% decreases in FRET signals were detected for GIRK1-N-CFP (0.12 6 0.01, n = 18), GIRK1-C-CFP (0.10 6 0.01, n = 10), GIRK4-N-CFP (0.15 6 0.02, n = 15), and GIRK4-C-CFP (0.14 6 0.02 n = 10), using Gb1-N-YFP as the acceptor molecule ( Figure 1A , gray bars). These results indicate a change in the relative position of the Gb1 N-terminal domain with respect to the channel's intracellular domains following GPCR activation. 
Neuron
In order to verify that the decrease in FRET signals observed upon receptor stimulation is related to the movement of the Gbg dimer relative to the channel cytosolic domains, we took advantage of the known structure of the Gbg complex Wall et al., 1995) , which shows that the N terminus of the Gb subunit is close in space to the N terminus of the Gg subunit. Thus, we performed similar FRET measurements as in Figure 1A between the N-terminally tagged Gg2 subunit (Gg2-N-YFP) as the acceptor molecule while keeping the CFP donor tagged to the channel's cytosolic ends. Similar to Gb1-N-YFP, FRET signals between Gg2-N-YFP and the channel's cytosolic ends were detected, both under basal (no receptor stimulation) and during receptor stimulation. The FRET signals decreased during receptor stimulation with FRET efficiencies (unstimulated:stimulated) for GIRK1-N-CFP/GIRK4 (0.19 6 0.02: 0.09 6 0.02, n = 10), GIRK1-C-CFP/GIRK4 (0.16 6 0.01:0.09 6 0.01, n = 10), GIRK4-N-CFP/GIRK1 (0.22 6 0.02:0.10 6 0.01, n = 10), and GIRK4-C-CFP/GIRK1 (0.20 6 0.04:0.09 6 0.01, n = 10) ( Figure 1B) . In contrast to the experiments with either Gb1-N-YFP or Gg2-N-YFP, when the YFP was tagged to the C terminus of Gg2 (Gg2-C-YFP), the change in FRET upon receptor stimulation was reversed in direction, showing an increase in FRET efficiency upon receptor stimulation, with FRET efficiencies (unstimulated:stimulated) for GIRK1-N-CFP/ GIRK4 (0.11 6 0.02:0.17 6 0.02, n = 10), GIRK1-C-CFP/ GIRK4 (0.14 6 0.01:0.18 6 0.01, n = 10), GIRK4-N-CFP/GIRK1 (0.12 6 0.01:0.22 6 0.03, n = 10), and GIRK4-C-CFP/GIRK1 (0.12 6 0.02:0.19 6 0.01, n = 10) ( Figure 1C ). Although it is known that tagging the C-terminal end of Gg prevents the isoprenylation of this subunit and affects its ability to translocate to the plasma membrane, we consistently observed plasma membrane localization of this tagged subunit (see Figure S5 in the Supplemental Data available online), without the coexpression of other G protein subunits (see Discussion). Nevertheless, the above results suggest that the Gbg dimer is localized near the channel's cytoplasmic domains both at rest and during activation and points toward the possibility that there may be a preformed complex of the G protein trimer and the channel at rest. The results also suggest that the Gbg dimer may undergo an orientation switch in relation to the channel's cytosolic domains following receptor activation.
Overexpression of Gb1-N-YFP Does Not Interfere with Receptor-Dependent GIRK Activation Proper channel gating is a prerequisite for the validity of FRET measurements in cells overexpressing tagged molecules. Overexpression of G protein subunits may interfere with the proper gating of the GIRK channel, mainly due to elevated basal currents that impair or abolish further receptor-mediated activation. While coexpression of both Gb and Gg subunits is well known to lead to a constitutive GIRK activation (Reuveny et al., 1994) , overexpression of either Gb or Gg alone has no effect on the GIRK channel basal activity (Lei et al., 2000) . In order to confirm this observation in our experimental system with the YFP-tagged Gb1 subunit protein (Gb1-N-YFP), we recorded basal and activated GIRK currents from the same transfection of cells that were used in the FRET measurements. In control cells, expressing GIRK1-N-CFP/GIRK4 and mGluR2 but in the absence of Gb1-N-YFP, the CFP-tagged channel displayed a basal, Ba +2 -sensitive current that further increased by 2.45 6 0.30 fold (n = 14) following the application of 25 mM glutamate. Similar basal activity levels and receptor-mediated activation were seen in cells expressing the tagged channel and Gb1-N-YFP, with glutamate-mediated channel activation of 2.57 6 0.35 fold (n = 16) ( Figures 1D and 1E ). These results demonstrate that overexpression of Gb1-N-YFP does not lead to constitutive channel activation in our experimental system.
If indeed a change in relative orientation switch of the Gbg in relation to the cytosolic domains of the channel occurs during activation, different FRET responses may be seen when the reference point, the location of the donor on the channel in relation to the G proteintagged acceptor, is changed. We thus tested a second site for donor tagging using a CFP insertion at the R382 residue, a site that was not resolved in the GIRK1 cytosolic domain structure (Nishida and MacKinnon, 2002) . FRET signals measured from cells expressing GIRK1-R382-CFP and Gb1-N-YFP, Gg2-N-YFP, or Gg2-C-YFP showed a mirror image in the direction of the FRET efficiency change, compared to the case in which the CFP molecule was tagged to the end of the C-terminal cytosolic domain (Figure 2A ). When GIRK1-R382-CFP was coexpressed with either Gb1-N-YFP or Gg2-N-YFP, FRET signals were increased upon receptor stimulation. In contrast, FRET signals between GIRK1-R382-CFP and Gg2-C-YFP decreased following receptor stimulation. When FRET signals were measured between GIRK1-R382-CFP and YFP tagged at P472, on the same subunit, GIRK1-R382-CFP-P472-YFP (which is located 29 residues from the end of the GIRK1 C terminus), no change in FRET signals were observed upon receptor stimulation ( Figure 2C ). In both cases, however, these XFP-fused channels showed normal receptor-mediated activation under whole-cell configuration of the patch-clamp technique ( Figure 2C ). These results first indicate that the FRET changes seen between Gbg and the channel are not due to rearrangements within the distal cytosolic domain of the channel. Second, they strengthen the idea presented so far that the Gbg subunits are situated within molecular distance from the channel's distal cytosolic domains and undergo a relative change in orientation upon stimulation to promote channel opening.
Different Gb Subtypes Also Show Similar Interactions with GIRK Channels
With the aim of understanding whether the changes seen with Gb1-N-YFP were subtype specific or may be more general for the Gb gene family, we examined the channel interactions with different Gb subtypes, Gb1-4, all known to activate GIRK channels when applied to an excised patch or coexpressed with the channel (Lei et al., 2000 (Lei et al., , 2003 Wickman et al., 1994) . We thus tagged all four Gb subtypes with YFP at their N termini and coexpressed each one separately, with the GIRK1-N-CFP/GIRK4 as a representative channel donor, and measured their FRET interactions. As shown in Figure 3A , and similar to the case of Gb1-N-YFP, the FRET signals were detected both in the basal state and during channel activation (unstimulated:stimulated) for Gb2-N-YFP (0.17 6 0.03:0.05 6 0.01, n = 10), Gb3-N-YFP (0.13 6 0.01:0.06 6 0.02, n = 10), and Gb4-N-YFP (0.16 6 0.02:0.08 6 0.02, n = 10). The generality of this Gbx subunit rearrangement, as reflected from the direction of the FRET change for all four Gb subtypes, is underlined by the similar behavior in channel activation seen electrophysiologically. The only exception in the Gb gene family in terms of the ability to activate GIRK channels is Gb5, which is not able to activate GIRK channels. Gb5, however, has the ability to displace other Gbs from the channel (Lei et al., 2003; Mirshahi et al., 2002b) . Gb5-N-YFP coexpressed with GIRK1-N-CFP/ GIRK4 showed a radically different FRET interaction: a very low FRET signal at rest (0.04 6 0.01, n = 10), which increased upon channel activation (0.11 6 0.01, n = 10) ( Figure 3A ). Interestingly, a single mutation in Gb1 (S67K), which has been shown to mimic Gb5 action on channel activation (Mirshahi et al., 2002a) , displayed similar FRET interaction as Gb5-N-YFP, with FRET efficiencies (unstimulated:stimulated) of 0.03 6 0.01:0.10 6 0.02 (n = 10) ( Figure 3A) . Thus, the FRET interactions of the wt Gb5-N-YFP and Gb1(S67K)-N-YFP mutant are well correlated with their inability to activate the channel. Moreover, similar to the action of Gb5 on GIRK channel activation, measured electrophysiologically, when untagged Gb5 was coexpressed with Gb1-N-YFP and GIRK1-N-CFP/GIRK4, basal FRET levels were similar to the FRET levels seen in the absence of Gb5 but, however, did not change upon mGluR2 activation ( Figure 3A ). The results above further support the idea that the FRET changes following receptor activation, between the Gbs and the channel, parallels with their ability to activate the GIRK channel as measured electrophysiologically (Lei et al., 2000; Mirshahi et al., 2002b) .
Gbg Interaction with Ga Is Essential for Its Interaction with the Channel at Rest
We used Gb mutants at specific residues that impair GaGb interaction (Ford et al., 1998) to dissect the two FRET interaction states of the G protein with the channel. If the Gbg interaction with the channel requires association of the dimer with Ga, mutations that impair G protein trimer activation, exchange of GTP for GDP, would also inhibit the FRET decrease seen upon activation. On the other hand, mutations that impair the trimeric formation would stabilize the FRET interaction as if the channel was activated by the free Gbg. We thus used the Gb1 mutant I80A Gb1(I80A)-N-YFP that is unable to form trimeric G proteins ( Figure 3B ) (Ford et al., 1998) . This mutant shows stable FRET signals both at rest and during activation ( Figure 3C) , with FRET signals of 0.10 6 0.01 (n = 12) and 0.11 6 0.01 (n = 12) before and during activation, respectively. These FRET signals resemble the activated state of the wt (0.12 6 0.01, n = 12). In contrast, Gb1 mutant W99A Gb1(W99A)-N-YFP, which is unable to support nucleotide exchange on Ga ( Figure 3B ), displayed FRET signals of 0.15 6 0.01, both at rest and during activation ( Figure 3C ), resembling the signals seen for the Gb1-N-YFP at rest (0.18 6 0.01, n = 12). To take advantage of the large dynamic range of FRET change in Gb2 ( Figure 3A) , we also tested Gb2(W99A); this mutant also had a large basal FRET that resembles FRET levels before channel activation and that did not change following receptor activation ( Figure 3D ). Overall, these results point toward the idea that Gbg has two modes of interaction with the GIRK channels: a resting mode that occurs when Gbg is associated to Ga, and an activated mode that resembles the interaction of Gbg with the channel following receptor-G protein activation.
Phosducin Reveals Interaction Interfaces between GIRK and Gbg
One way to provide further evidence to support the idea that the association of Gbg with the channel at rest is mediated through the interaction with the Ga subunit is to interfere with this Gbg interaction, independent of receptor activation. We therefore took advantage of the Gbg scavenger phosducin (Phd). Phd has been shown previously to interfere with the interaction between Gbg and its effectors by binding to the Ga-Gb interface and destabilizing the G protein trimer (Bauer et al., 1992; Gaudet et al., 1996; Rishal et al., 2005) . Phd is a cytosolic regulator of G protein function, which binds Gbg with high affinity and leads to the termination of Gbg-mediated signaling (Gaudet et al., 1999) . We hypothesized that if indeed the interaction of Gbg with the channel is mediated through an interface shared with Ga or the channel, excess of Phd may reduce the FRET signals at rest as well as during receptor activation. Indeed, coexpression of Phd with GIRK1-N-CFP/GIRK4, Gb1-N-YFP, and mGluR2 resulted in a dramatic reduction of FRET interaction signals at rest as well as during activation, with FRET efficiencies of 0.05 6 0.01 (n = 20) both at rest and during activation ( Figure 4A ). Suggesting that the presence of Phd interferes with the basal as well as the activated interaction of Gbg with the channel. To verify that the expressed cytosolic Phd was interacting with Gb1 in our experimental system, we measured the FRET interaction between Gb1-N-YFP and Phd-N-CFP at the plasma membrane using TIRF. The FRET interaction was similar at rest and during activation, indicating that the cytosolic CFP-tagged Phd molecule is able to interact with the membrane-associated Gb1-N-YFP and that this interaction is stable (see Figure S1 ).
Since Phd reduced the FRET signals at rest as well as during activation, we were interested in exploring whether this inhibition was mediated through the GaGb interface or through another Gb-Phd interaction domain. The crystal structure of Phd reveals two domains, an N-terminal domain and a C-terminal, thioredoxin-like domain, wherein the former interacts with the Ga-Gb interface on Gb and the latter interacts with the side of the Gb propeller between blades 7 and 1 (Gaudet et al., 1996) . The N terminus of Phd (aa 1-106, referred to as N'Phd) was also able to inhibit basal FRET when coexpressed with GIRK1-N-CFP/GIRK4, Gb1-N-YFP, and mGluR2. Similar to the full-length Phd, the FRET interaction was minimal at rest and during activation, with FRET efficiencies of 0.06 6 0.01 and 0.06 6 0.02 (n = 10), respectively ( Figure 4A ). The C-terminal thioredoxin-like domain (aa 107-end, referred to as C'Phd) also interfered with Gb interaction with the channel but showed similar FRET interactions both at rest and during activation at levels corresponding to the Gbg interactions with the channel during activation without Phd, with FRET efficiencies of 0.11 6 0.01 and 0.11 6 0.01 (n = 10), respectively ( Figure 4A ).
The fact that Phd was not able to completely abolish the FRET interaction between Gb1-N-YFP and the channel may be the consequence of a relatively low concentration of Phd at the submembrane domain, where our FRET measurements take place, or could be due to the fact that Phd places the Gbg subunit in a position to support minimal FRET. We thus repeated the experiments described above with N-myristoylated Phd (MyrPhd) to direct more efficiently the Phd molecule to the plasma membrane (Rishal et al., 2005) . Expression of MyrPhd, Gb1-N-YFP, and all forms of CFP-tagged channels (see above) reveals a total loss of the basal interaction for GIRK1-N-CFP (0.01 6 0.02), GIRK1-C-CFP (0.01 6 0.02), GIRK4-N-CFP (0.01 6 0.01), and GIRK4-C-CFP (0.02 6 0.02) ( Figure 4B ). This complete loss of FRET interaction could occur only if the interaction between the Gbg dimer and Phd is steady throughout the course of the measurement ( Figure S1 ) and may suggest that the myristoyl moiety may position the MyrPhd-Gbg complex in a position that does not support any FRET. Overall, the above experiments strongly suggest that the interaction of the Gbg with the channel at rest is mediated through the interaction with the Ga subunit.
Is the Change in FRET Interaction between Gbg and the Channel Relevant to Channel Activation? To further establish the relevance of the FRET interaction between Gbg and the channel for channel activation, we used Pertussis toxin (PTX) to prevent the Gi/o protein activation. If the FRET interaction changes following receptor stimulation were due to the activation of the G protein, i.e., disengagement of Gbg from Ga, we would expect that PTX would inhibit the FRET change. Indeed, pretreatment of the cells with PTX inhibited the changes in FRET caused by receptor activation ( Figure 5) , with FRET efficiencies following PTX treatment of 0.17 6 0.01 (n = 10) at rest and 0.16 6 0.01 (n = 10) during activation ( Figure 5A ). PTX pretreatment of cells expressing mGluR2, GIRK1-N-CFP/GIRK4, and Gb1-N-YFP also abolished channel activation by receptor stimulation, as measured under whole-cell configuration, without affecting the basal currents (2.67 6 0.82 [n = 8] and 2.41 6 0.37 pA/pF [n = 8], in PTX-treated cells versus control, respectively) ( Figures 5B and 5C ). Moreover, in PTX-treated cells, coexpressing Phd along with Gb1-N-YFP and GIRK1-N-CFP showed no reduction in the basal FRET interaction with 0.16 6 0.01 (n = 10) FRET efficiency ( Figure 5A ), which did not change following receptor activation. In both cases, at rest and during receptor activation, FRET efficiencies were similar to the level seen at rest without Phd ( Figure 1A ). These results demonstrate that, during activation, Gbg rearrangement relative to the channel occurs after the activation of the trimeric G protein and again strongly suggest that the G protein trimer is tightly associated with the channel at rest.
Does Ga Also Translocate with Gbg following Activation?
Since the activation of the G protein promotes the dissociation of the Ga subunit from the Gbg dimer, we were interested in examining whether the activated Ga, Ga-GTP, also changed its position relative to the channel's distal cytosolic domains following receptor stimulation. Since using CFP or YFP as a tag for Ga may introduce changes in its binding properties to the channel and may also affect its function (Gibson and Gilman, 2006) , we used RGS4, a regulator of G protein signaling, as a marker for the Ga position relative to the channel. RGS4 is a protein that interacts with the Ga subunit to mainly accelerate GTP hydrolysis (Berman et al., 1996b) . RGS is known to have the highest affinity to the transition state of Ga (Berman et al., 1996a) but is also able to bind to the GDP-and GTPgS-bound Ga (Dowal et al., 2001; Leifert et al., 2006) . In addition, using FRET analysis it was found that RGS4 interaction with Ga is stable, both at rest and during receptor activation Roy et al., 2003) . From the above, we can then extract that RGS4 can be a good marker for Ga location relative to the channel, both at rest and during activation. We thus tagged the N terminus of RGS4 with YFP (RGS4-N-YFP) and measured FRET with either GIRK1-N-CFP/GIRK4 or GIRK1-R382-CFP/ GIK4 as FRET pairs. FRET levels between RGS4-N-YFP and these two channel fusions were not changed upon activation. In contrast, when FRET was measured between RGS4-N-YFP and Gg2-N-CFP, a measurable change was seen, implicating that the Gbg dimer indeed undergoes a change in its position relative to the Ga subunit upon receptor activation ( Figure S2 ). Overall, these results suggest that the activated Ga does not move with the Gbg dimer in relation to the channel's cytosolic domains upon receptor activation.
Discussion
Shaping of neuronal excitability by neurotransmittermediated action is mainly achieved through the activation of pre-or postsynaptic GPCRs. The traditional view of GPCR-mediated signaling considers the players in this signaling cascade-the GPCR, the G protein, and its effector-as individual components in space, where the signaling specificity is obtained mainly by the interaction of the GPCR and the Ga subunits of the G protein.
A question is then raised as to how fidelity in receptor signaling is achieved, given that many systems use the same components of the G protein signaling machinery. One possible mechanism to obtain the specific flow of the downstream signals, from the activated G protein to its specific effector target, in a timely manner, is compartmentalization, a spatial arrangement of the complex in a rather restricted space. To investigate whether such complexes do exist in intact cells, we used TIRF to restrict our fluorescence measurements to the plasma membrane and FRET to monitor G protein localization in relation to the GIRK channel as a model effector, at rest and during activation. We could demonstrate that at rest the G protein trimer is tethered to the GIRK channel through the Ga subunit and that upon G protein activation a molecular rearrangement occurs that enables the Gbg to activate the channel locally. This kind of rearrangement ensures that specific activation by a receptor will activate a specific effector, with high temporal precision. In addition, it ensures that upon termination of the response the components will reassociate in the proper combination, making them ready for the next modulatory activity.
It is well acknowledged that both the a and bg subunits of heterotrimeric G proteins transfer signals from receptors to effectors. Gbg subunits can regulate a diverse array of effectors, including the inwardly rectifying potassium channels (GIRK family), phosphlipase C, and adenylyl cyclase (Clapham and Neer, 1997) . We show that the Gbg complex, as part of the nonactivated G protein trimer, is held in close proximity to GIRK channels, before activation of the receptor takes place. FRET efficiency of approximately 0.19 was detected between CFP attached to the GIRK channel and YFP attached to the N terminus of the Gb1 subunit. This FRET efficiency value corresponds to a distance of w60 Å . After receptor activation, we observed a rearrangement illustrated by a decrease in FRET efficiencies, suggesting an apparent increase in distance between the N-terminally tagged Gb and the proximal end of the GIRK channels. These changes seen in FRET efficiencies may be attributed to a change in the distance between the donor and the acceptor chromophores, since acceptor anisotropy values, an indication of the dipole moment between the donor and the acceptor (Dale et al., 1979) , did not changed following receptor activation ( Figure S3 ). An alternative mechanistic interpretation for the change seen in FRET during activation may be a change in the angle between the axes of the donor and the acceptor orientational distributions, the angles between the two chromophors (Van Der Meer et al., 1994) . To this end we cannot exclude one of the two possibilities and will use the term apparent distance to interpret the change in FRET values. Regardless of these two possibilities, qualitatively similar results were obtained when the acceptor molecule was tagged N-terminally to the Gg2 (Gg2-N-YFP), a position that locates the YFP in close proximity to the N terminus of the Gb, as revealed by the 3D structure of the Gbg dimer . The apparent increase in distance between the N termini of the Gb1 or the Gg2 and the channel's distal cytosolic domains may place the opposite ends of these molecules in a different position as well. Indeed, when the acceptor molecule was tagged to the C terminal end of Gg2 (Gg2-C-YFP), the FRET changes between this construct and the distal ends of the channel's cytosolic domains show an increase upon receptor activation, suggestive of a decrease in apparent distance between the C terminus of the Gg2 and the end of the channel's cytosolic domains. This apparent increase in FRET should be taken with caution, given that the C terminal iosoprenylation of Gg is required for plasma membrane localization (Fu and Casey, 1999) . However, since this modification is not required for the G protein trimer assembly (Takida and Wedegaertner, 2003) , it is possible that the assembly and plasma membrane localization of the G proteinchannel complex may thus be initiated early on in the ER membrane (Rebois et al., 2006) to aid the translocation of the noniosoprenylated Gg to the plasma membrane with this complex ( Figure S5 ). Nevertheless, since the proximal C terminus of Gg is located in space at an opposite side to the N terminus of both Gb and Gg , this configuration suggests that the arrangement of Gbg upon channel activation is merely a flip in position of Gbg in relation to the channel's distal ends. The flip in position of Gbg may then expose and interaction domain capable of activating the channel. This idea is further corroborated by FRET measurements between the donor molecule inserted in the middle of the GIRK1 C terminus, GIRK1-R382-CFP, and the acceptor-tagged Gb1-N-YFP, Gg2-N-YFP, or Gg2-C-YFP, which show a mirror image pattern of FRET change upon receptor activation (Figure 2A ). Taking into consideration the physical dimensions of the Gabg complex Wall et al., 1995) , it is then apparent that the distance detected between the channel and Gbg complex must be within a multiprotein complex, meaning that the G protein interacts with the channel regardless of its activation state. Moreover, our FRET measurements enable us to define the relative motion of the Gbg complex relative to the channel as an orientation switch for channel activation.
This relative motion of Gbg in relation to the channel's distal ends is not a unique case for the Gb1g2 complex. Gbg complexes containing different types of Gb subunits that are able to activate the channel, Gb2-4 (Lei et al., 2000 (Lei et al., , 2003 Mirshahi et al., 2002b; Wickman et al., 1994) , revealed a more general picture of the nature of the rearrangement, underlined by the fact that all Gbg complexes that activate GIRK channels show similar direction of the orientation switch. Gb residues that are known to be important for activation of GIRK (Ford et al., 1998; Mirshahi et al., 2002a ) are assigned to blades 2, 3, and 6 on the b propeller, the region on Gb that interacts with the Ga subunit. We suggest that the subunit's rearrangement during receptor activation exposes the channel's activating interaction sites on Gbg, allowing the Gbg complex to shift its position from one interacting interface to another. Additional evidence for the relevance of the conformational switch seen by FRET to channel activation, and for the idea that a multidomain interaction of the Gb subunit with the channel has physiological significance, comes from experiments with Gb5. The Gb5 subunit differs substantially in amino acid sequence from the other Gb family members and is known to inhibit GIRK currents via the Gaq/11 family (Lei et al., 2003) . It has also been shown that dimers containing the Gb5 subunit bind to the cytoplasmic domains of GIRK channel in a similar manner to Gb1-4, to act as competitive inhibitors by displacing activating Gbg pairs from the channel's activation binding domain (Lei et al., 2000; Mirshahi et al., 2002b) . Indeed, when Gb5-N-YFP was used as the acceptor molecule, basal FRET signals were very low, as if Gb5 were not interacting with the channel. However, upon receptor stimulation a significant increase in FRET was seen, which resembled the FRET values seen with the other Gb subtypes following receptor stimulation. In addition, when Gb5 was coexpressed with Gb1-N-YFP it prevented the orientation switch seen with Gb1-N-YFP when expressed alone ( Figure 3A) . These results thus suggest that Gb5 has the ability to interact with the channel following receptor stimulation, at a site similar to the one used by the other Gb subtypes for channel activation. Support for this conclusion also comes from experiments with Gb1(S67K), a mutant that has been shown to mimic Gb5 antagonistic action on GIRK activation by interfering with the binding of wt Gb1 to both N and C termini fragments of the channel (Mirshahi et al., 2002a ). When we used this mutant as the acceptor molecule, the FRET signals were also altered and showed identical patterns of FRET change to the signals seen with Gb5-N-YFP, strengthening the idea that the activation switch-motion, seen with Gb1-4, indeed involves the translocation of Gbg to a site relevant for channel activation. From the above results it seems that the Gbg dimer may be tethered to the channel at rest and that an activation-switching mechanism translocates the dimer to a site that promotes channel activation.
The tethering of the Gbg dimer at rest may suggest that it is linked through the Ga-GDP subunit to the channel. The specificity of signaling of GPCR coupled to PTX-sensitive Ga was suggested to occur at the level of the GIRK channel, mainly by studies demonstrating the binding of the Gai/o, either at the GTP-or the GDP-bound states, to purified cytosolic domain fragments of the channel, or by coimmunoprecipitation experiments (Clancy et al., 2005; Huang et al., 1995; Ivanina et al., 2004; Peleg et al., 2002) . Electrophysiological studies using PTX-resistant Ga subunits have also suggested that kinetics and efficiency of coupling of the G protein to the channel depend on the Ga subunit subtype (Benians et al., 2003; Zhang et al., 2002) . These studies led to the hypothesis that the inactive G protein trimer may be tethered to the channel at rest to form a complex ready for activation (Clancy et al., 2005) . We are now able to show unequivocally in intact cells that there is indeed a significant association of the Gbg protein with the channel at rest through the Ga-GDP subunit and that during activation the Gbg subunit interacts independently of the Ga subunit with the GIRK channel. This conclusion is supported by a number of independent experiments. First, the FRET assayed conformational switch of the Gbg subunit associated with channel activation was blocked when the cells were pretreated with PTX, suggesting that the change in FRET seen upon activation between the channel and either Gb or Gg is the consequence of the G protein trimeric activation. Second, when we used two mutants of the Gb1 subunit as the acceptor molecule, Gb1(I80A) and Gb1(W99A), which do not form trimeric G proteins or do not support activation (GDP/GTP exchange), respectively (Ford et al., 1998) , the levels of FRET were correlated with the state of the G protein. When Gb1(I80A)-N-YFP was used as the acceptor molecule, FRET signals were not changed upon receptor activation and resembled the FRET signal levels seen for Gb1-N-YFP during activation ( Figure 3C ). In contrast, when Gb1(W99A)-N-YFP or Gb2(W99A)-N-YFP were used as the acceptor molecules, FRET signals, both at rest and during activation, resembled the FRET signal levels seen with Gb1/2-N-YFP at rest. These results support the idea that the two different FRET levels seen at rest and during activation with Gb1-N-YFP correspond to two G protein conformational states that interact with the channel, Gabg and the Gbg, respectively. The third finding supporting the idea that the trimeric G protein is tethered to the channel at rest and that a conformational switch of Gbg determines channel activation comes from experiments with Phd (Bauer et al., 1992) . Phd is a Gb-binding protein that binds Gb at a partially overlapping interface with the Ga subunit binding site, through its N-terminal domain. Phd also has a C-terminal thioredoxin-like domain that interacts with the outer strands of the Gb seventh and first blades (Gaudet et al., 1996) . These interactions with Gb inhibit Gbg-mediated signaling, including the activation of GIRK channels (Rishal et al., 2005 ) (see also Figure 4S ). When Phd was coexpressed with CFP-tagged channels and Gb1-N-YFP, there was a dramatic reduction in FRET signals both at rest and after receptor stimulation. This reduction was enhanced to undetectable FRET levels when the relative local concentration and/or relative orientation of Phd at the plasma membrane was increased using a myristoylation signal ( Figure 4B ). The action of Phd to reduce FRET between the G protein and the channel may thus be due to the interference of Gbg interaction with the Ga-GDP subunit. This conclusion is further supported by the fact that coexpression of the N-terminal Gb-binding domain was better than the C-terminal thioredoxin-like domain of the Phd molecule, to effectively reduce the basal FRET between the channel and Gb1-N-YFP. Furthermore, Phd was unable to reduce the FRET signal at rest in cells treated with PTX ( Figure 5A ), suggesting again that the significant FRET seen at rest between the Gbg dimer and the channel was mediated through its interaction with Ga-GDP, the inactive state of the G protein. Finally, taking into consideration that Phd has the ability to also bind Ga in a Gbg-independent manner, with slightly reduced affinity (Bauer et al., 1998) , and our observation that FRET between GIRK1-N-CFP and Phd-N-YFP did not change following receptor activation ( Figure S1 ), further corroborates the idea that Ga may have a stable position on the channel molecule, both at rest and during activation. These results further underlie the importance of the Gb binding interface with Ga (Ford et al., 1998; Rishal et al., 2005) for local channel activation.
Specificity of signaling of the GPCR to the G protein is mediated by a few factors. Former observations demonstrated that the C-terminal amino acids of Ga can determine the specificity between different types of GPCR: for example, exchanging the last few C-terminal amino acids between Gai and Gaq determines their association with the receptor (Conklin et al., 1993) . Conversely, amino acids on the third intracellular loop of the GPCR will determine the specificity to the Ga subunit (Liu et al., 1995) . Recently, using FRET methodologies between the GPCR and the G protein subunits, Nobles et al. were able to demonstrate that indeed specificity is achieved already at the resting state between the GPCR and a specific G protein subunit and that this precoupling is stable . In contrast, Hein et al., using similar FRET methodologies and G protein mutants that dissociate more slowly from the activated receptor, suggest that there is no significant precoupling of the GPCR and the G protein at rest (Hein et al., 2005) , to conclude that random rapid collision of the G protein with the GPCR is the main mechanism for interaction. The discrepancy between these two studies may arise from the fact that the former study did not investigate the FRET interaction between the GPCR and the G protein following receptor activation and that the basal FRET signals seen may be due to the steady-state collision of the signaling components. In addition, Bunemann et al. have suggested, based on the increase in FRET between the Ga and the Gbg dimer following activation, that the G protein trimer does not undergo a full dissociation upon activation (Bunemann et al., 2003) . This notion has been challenged, however, by Gibson and Gilman, who suggest that care should be taken regarding the location of the fluorescent protein inserted into the Ga subunit. This is mainly due to the observation that tagging Ga at the aa-ab loop but not at the ab-ac loop dramatically accelerates the nucleotide exchange rate of Ga and shows increase in FRET between the Ga and the Gbg (Gibson and Gilman, 2006) . Despite this controversy, based on our FRET measurements with RGS4 we can conclude that indeed Gbg translocates to a different binding site on the channel's cytosolic domains, close to the Ga subunit ( Figure S2 ). Support for this notion can also be extracted from previous observations where there was no complete loss of FRET between Ga and Gbg during activation (Gibson and Gilman, 2006; Janetopoulos et al., 2001) . It is thus possible to speculate that the distance between Ga-GTP and Gbg may still be within a molecular distance during activation, due to the interaction of the activated G protein subunits with the effector molecule. A similar mechanism has been found based on the structure of Gaq, Gbg complexed with the G protein coupled receptor kinase 2, where during activation both Ga and Gbg are associated with the kinase at different nonoverlapping sites (Tesmer et al., 2005) . We can therefore suggest a mechanism permitting spatial and temporal constraint on channel activation, mainly due to the fact that the G protein subunits reside within a short distance from their effectors and that upon activation G protein activation is local. This mechanism may also imply that specificity of receptor-mediated effector activation can also occur at the level of the channel, by virtue of the specific coupling of the PTX-sensitive Ga with the channel at rest (Clancy et al., 2005; Huang et al., 1995; Peleg et al., 2002) .
This study gives direct evidence for the formation of a predetermined complex between the G protein trimer and GIRK channel regardless of receptor stimulation in intact cells (Figure 6 ). This evidence supports the possible compartmentalization of G proteins and effectors, creating a multicomplex of signaling components (Clancy et al., 2005; Huang et al., 1995; Peleg et al., 2002) . We also show that the G protein complex has two distinct interacting interfaces with the GIRK channel, one for nonactivated channels, through the Ga-GDP subunit, and the other for the activated channel via direct Gbg association, supporting the role of Ga in precoupling the G protein to the channel to allow specificity of receptor activation. In addition, this signaling complex assembly may provide a mechanism for the temporal precision for GPCR-mediated GIRK activation as seen in native tissue (Sodickson and Bean, 1996) . It remains to be seen whether other effectors, such as the high-voltage-activated calcium channels, participate in a similar signaling complex assembly as well.
Experimental Procedures
Molecular Biology and Cell Culture All channel fusions were based on the commercially available pCMV-XFP vectors (Clontech). SGTS(Q) 6 and the PPVAT linkers were used to fuse the fluorescent proteins to the N and C termini, respectively, for both GIRK1 and GIRK4. Nonfused wt GIRK subunits were cloned into pcDNA3.1 (Invitrogen). All G protein subunit constructions, including Gb1 mutants S67K, I80A, and W99A, were performed by PCR and verified by sequencing of PCR products. These constructs were cloned using the pCMV-YFP vector (Clontech). The YFP contained the Q69K mutation to reduce its pH sensitivity (Miyawaki et al., 1999) . Myristoylated phosducin cDNA (Myr-Phd), modified by N. Dascal (Rishal et al., 2005) , contains the Src-myristoylation signal (MGSSKSKPKDPSQRR) followed by Glu-Phe (encoded by the nucleotide sequence of the EcoRI site) and a QAQAAQ linker. This construct was also checked electrophysiologically to confer its The G protein trimer is closely associated with the channel at rest (left). Following receptor activation, The G protein trimer (Ga, green; Gb, blue; Gg, red) undergoes activation by virtue of exchanging GDP for GTP on the Ga subunit as well as an orientation switch of the Gbg dimer, without affecting the position of Ga relative to the channel (right). This orientation switch of Gbg allows the interaction of the dimer with the channel at a separate, independent site to promote activation. See text for details. The representative channel, mainly to aid appreciation of the complex size, is depicted as a space-filled model (gray) using the KirBac1.1 crystal structure (PDB 1P7B) (Kuo et al., 2003) . The G protein trimer was docked by eye to analogous regions identified biochemically to be involved in Ga binding (Clancy et al., 2005; Ivanina et al., 2004) . During activation, the Gbg dimer was docked to regions identified biochemically to affect Gbg binding and/or activation (Finley et al., 2004; Ford et al., 1998; Ivanina et al., 2003; Zhao et al., 2003) . Ga was positioned to allow free access to its C terminus, to allow GPCR interaction (Conklin et al., 1993) . known biological action on GIRK channels ( Figures S4A and S4B) . Truncated Phd and the N-terminal domain (aa 1-S106) and C-terminal domain (aa F107-end) were performed by PCR and verified by sequencing. All YFP fusions have also been verified by their ability to translocate to the plasma membrane (see Figure S5 ).
HEK293 cells were transiently transfected using Fugene (Roche) with cDNAs encoding for the channel subunits GIRK4 (wt or CFPtagged, 0.2 mg) and GIRK1 (wt or CFP-tagged, 1 mg). The 1:5 cDNA ratio of GIRK4:GIRK1 was used to minimize the formation of functional GIRK4 homotetramers. According to each experimental need, transfections also included cDNAs encoding for metabotrophic glutamate receptor type II (mGluR2, 1 mg), N'Gb1-YFP (wt or mutated, 1 mg), N'Gg2-YFP (1 mg), C'Gg2-YFP (1 mg), or Phd (wt, myristoylated or fluorescently tagged, 1 mg). Following transfection, cells were plated on No-1 24 mm cover glass coated with L-polylysine in the presence of serum-free media 1:1 DMEM:F12(HAM) (Biological Industries, Israel). On the day of the experiments, typically 24 hr posttransfection, the cover glass was mounted on an imaging chamber and washed twice with phosphate buffer. In the PTX experiments, transfected cells were incubated with 250 ng/ml PTX (Sigma) for 18-20 hr prior to imaging/recording.
Patch-Clamp Recordings
Membrane currents were recorded under voltage-clamp conditions using the conventional whole-cell patch-clamp configuration. Patch pipettes were fabricated from borosilicate glass capillaries. Pipette resistance ranged from 2 to 5 MU. Currents were recorded using an Axopatch 200B (Axon instruments) patch-clamp amplifier. Signals were analog filtered using a 1 kHz low-pass Bessel filter. Seal and patch formations were performed in a low K + solution (140 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl 2 , 2.6 mM CaCl 2 , 10 mM HEPES, pH 7.4). Series resistance ranged from 3 to 12 MU. Following patch formation, K + currents were measured using a high K + extracelluar solution (140 mM KCl, 1.2 mM MgCl 2 , 2.6 mM CaCl 2 , 5 mM HEPES, pH 7.4). The intracellular solution contained 107 mM KCl, 1.2 mM MgCl 2 , 1 mM CaCl 2 , 5 mM HEPES, 2 mM K 2 ATP, 0.3 mM LiGTP, pH 7.2 with KOH, final K + concentration 140 mM. Glutamate (25 mM) and Ba +2 (3 mM) were used in order to study induced and basal GIRK currents, respectively. GIRK currents were measured as inward currents under a holding potential of 290 mV. All measurements were performed at room temperature. Data acquisition and analysis were done using the pCLAMP8.2 software package (Axon Instruments). Results are presented as mean values 6 SE. For the presentation of traces, data were digitally filtered using a 10 Hz low-pass Bessel filter.
TIRF Microscopy
Fluorescence measurements of single cells were performed using the TIRF microscopy technique (Axelrod, 1989; Riven et al., 2003) with a 603 1.45 N.A. objective (Olympus, Japan) and TIRF microscopy condenser (TILL Photonics, Grafelfing, Germany). CFP was excited with a picosec diode laser at 405 nm at 40 MHz for 100 ms (PicoQuant, Berlin, Germany) using 440DXRU dichroic and E470LP emission filters (all from Chroma Technology Corp., Brattleboro, VT). The fluorescence emission signal was passed through a 1.53 magnification tube lens to have an effective magnification of 903. mGluR2 activation was achieved by exposing the cover glass to 2 mM glutamate for at least 1 hr. The long exposures to high concentrations of glutamate were necessary to allow sufficient activation of the mGluR2 receptors situated in close proximity to the cover glass (Riven et al., 2003) .
Spectroscopy
Fluorescence emission was spectroscopically measured (typically 300-700 nm) using a spectrograph M127i (Oriel Instruments, Stratford, CT) directly attached to the microscope side port. The emission signal was split to its corresponding spectral components using grating blazed at 500 nm and was recorded by a 16 bit backilluminated CCD detector 256 3 1024 pixels (Andor Technology, Belfast, North Ireland) cooled to 230 C. Data were collected for 50-100 ms. Background was collected from an area containing cells that did not express the constructs and was subtracted from the main signal.
Calculation of FRET Efficiency
FRET efficiency was calculated from emission spectra taken before and following acceptor photobleaching. Photobleaching of the acceptor was done using wide-field illumination, 10 mW 514 nm argon laser (Melles Griot) for 120 s or by a xenon arc light source at 514 nm 6 5 nm for 500 s. Donor dequenching due to the desensitized acceptor was measured by taking the CFP emission (at 490 nm) from spectra before and after the acceptor photobleaching. FRET efficiency, E, was then calculated using the equation E = 1 2 I DA /I D , where I DA is the peak of donor emission in the presence of the acceptor and I D is the peak in the presence of the sensitized acceptor. All data are expressed as average 6 SEM. Significant differences were considered when p < 0.05 using a two-tailed, nonpaired t test.
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